In this paper, we demonstrate a holographic polymer-stabilized blue-phase liquid crystal grating fabricated using a visible laser. As blue phase is stabilized by the interfered light, polymer-concentration gradient is achieved simultaneously. With the application of a uniform vertical electric field, periodic index distribution is obtained due to polymer-concentration gradient. The grating exhibits several attractive features such as polarization-independency, a broad temperature range, sub-millisecond response, simple fabrication, and low cost, thus holding great potential for photonics applications.
Introduction
Liquid crystal (LC) based electrically tunable diffraction gratings are widely used in threedimensional (3-D) displays, optical communications, beam steering and remote sensing, for their light weight, low cost, and low power consumption [1] [2] [3] [4] [5] [6] [7] . They are conveniently controlled by exploiting the electro-optical properties of liquid crystals [1] [2] [3] [4] . However, with conventional nematic LCs, the responses of the gratings are relatively slow (~10-100 ms) [8] . Several approaches have been proposed to shorten the response time [8] [9] [10] . Xu et al. proposed a fringe field switching phase grating which improved the response time to ~3 ms at room temperature [8] ; Sun et al. demonstrated a polymer network LC grating with submillisecond response and negligible scattering [10] . Nevertheless, most LC gratings are operated with strong dependency on the polarization state of the incident light, which causes half of the power loss if unpolarized incident light is used.
Recently, polymer-stabilized blue-phase liquid crystal (PSBPLC) is considered as a promising candidate for next-generation display and photonics applications for its submillisecond response time, no need for surface alignment, and an optically isotropic dark state [11] [12] [13] [14] [15] [16] [17] . Yan et al. developed the first PSBPLC based tunable phase grating using an in-plane switching (IPS) cell [16] . However, the grating is polarization dependent, and the use of patterned electrodes leads to limited spatial-frequency due to fringing field effect [18] . Some electrode-pattern-free PSBPLC based polarization-independent gratings using photo masks have been proposed, but the grating periods are large and the fabrication processes are complicated [19, 20] . He et al. developed an electrode-pattern-free polarization-independent BPLC grating by using a holographic polymer template [21] . However, without polymer stabilization, the blue phase temperature range of the holographic polymer template device is still very narrow, and the multi-step fabrication method involving washing out and refilling liquid crystals is rather complicated.
In this work, we propose a novel one-step holographic fabrication of a tunable phase grating based on PSBPLC. Instead of using conventional non-coherent ultraviolet (UV) light, we use a visible laser with high coherence as the curing light source. Being exposed to the interference light pattern, the blue phase structure is stabilized, and periodic polymer concentration variation is achieved simultaneously. With the application of a uniform vertical electric field, periodic birefringence is induced. Thus, the index contrast is obtained and light is diffracted. The holographic polymer-stabilized blue-phase liquid crystal (H-PSBPLC) grating exhibits several attractive features such as polarization-independency, a broad temperature range and sub-millisecond response. Furthermore, without patterned electrodes or photo masks, the simple holographic fabrication could achieve high spatial resolution at low cost. Fig. 1 depicts the formation process of the H-PSBPLC grating. As shown in Fig. 1(a) , a cell is assembled with two glass substrates, and filled with uniform BPLC precursor. The glass substrates are coated with a thin transparent indium-tin-oxide (ITO) film on the inner surfaces. The cell is exposed to the alternating dark and bright interference pattern. In the bright regions, polymerization preferentially occurs and more monomers are consumed. Thus a monomer concentration gradient between bright and dark regions is created, causing monomers to diffuse from the dark regions to adjacent bright regions [22] , as shown in Fig.  1(b) . Therefore, the concentration of polymer chains in the bright regions is larger than that in the dark regions, as shown in Fig. 1(c) . At the voltage-off state, the PSBPLC is optically isotropic with an index n iso . When an electric field is applied, the induced birefringence in a BPLC Δn(E) can be described by the extended Kerr effect [23] 
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where Δn sat represents the saturated induced birefringence and E s is the saturation field. The induced ordinary index n o (E) and extraordinary refractive index n e (E) can be expressed as below:
In the bright regions, a larger volume fraction of the polymer chains leads to more rigid polymer network, and thus smaller birefringence is induced. On the contrary, in the dark regions, the polymer network is weaker, and induced birefringence larger with the same electric field. As a result, the periodic birefringence distribution is realized under a uniform vertical electric field as shown in Fig. 1(d) . For normal incident light, both p and s waves experience the same index n o (E), therefore, the grating operates independently of the polarization state.
Experiments and results
In our experiment, the BPLC precursor consisted of 85.4 wt% nematic liquid crystal host HTG135200-100 (Δε = 57.2 at 1 kHz and Δn = 0.204@589nm, HCCH), 4.0 wt% chiral dopant R5011 (HCCH), 4.0 wt% monomer TMPTA (Aldrich), 6.0 wt% monomer RM257 (HCCH), 0.3 wt% photoinitiator Rose Bengal (Aldrich), and 0.3% coinitiator Nphenylglycine (Aldrich). They were mixed uniformly in the dark. The precursor was filled into the cell with a 20-μm cell gap via capillary action at 70 °C, and then cooled down to 62 °C at a rate of 0.1 °C/min. The BP temperature range of precursor is about 65 ~58 °C. Fig.  2(a) illustrates the experimental setup of the H-PSBPLC grating. Two beams generated by a Nd:YAG laser (532 nm, 100 mW, Coherent) intersected inside the cell and produced alternating bright and dark interference fringes. Each beam was set to p-polarization, with a power of 20 mW. The intersection angle was 7.6°. The holographic exposure time of the cell was 20 minutes, and after that the cell was exposed to UV light for 5 minutes to consume the residual monomers. The morphologies of the H-PSBPLC grating are illustrated in Fig. 2(b) , where the selfassembled BPLC exhibits a characteristic platelet texture when observed under an optical polarizing microscope in the reflective mode at room temperature. During the holographic exposure process, the polymer chains are selectively concentrated in the disclination lines in the cubic lattice of BP. Hence the double-twist cylinder construction of blue phase is stabilized and the temperature range of BP is broadened [11] . The temperature range of the H-PSBPLC grating is over 70 °C. Compared with the holographic polymer template BPLC devices [21, 24] , the blue phase range is broadened and the one-step holographic fabrication method is much simpler. It can be seen that the grating period is about 4 μm, which is much smaller than conventional PSBPLC gratings using patterned electrodes [16, 17] or photo masks [19, 20] . During the holographic fabrication, the grating period is determined by the intersection angle of the laser beams and light wavelength [22] , and thus a higher spatialfrequency can be easily achieved by increasing the intersection angle.
Diffraction efficiency versus applied voltages of the H-PSBPLC grating is plotted in Fig.  3(a) . The grating is driven with a 1-kHz square-wave voltage-source and the diffraction efficiency η is obtained as the ratio of the first diffracted order intensity to the total intensity at V = 0 [16, 25] . It can be seen that the diffraction efficiency η ≈0. At the voltage-off state, the PSBPLC is optically isotropic. The weak diffraction effect comes from the small index mismatch between the PSBPLCs in bright and dark regions. Due to the diffusion of monomers under non-uniform exposure, the average volume fractions of the polymer chains is larger in bright regions than that in dark regions. Since the refractive indices of the polymer chains and the LC mismatch in our experiment, the average refractive indices of the PSBPLCs in bright and dark regions are slightly different, and thus weak diffraction occurs. This diffraction effect is very small and can be completely eliminated if appropriate monomers with matching indices are chosen. When a vertical electric field is applied, periodic electric-field-induced birefringence distribution is obtained due to polymer chain concentration variation. Since the interference light intensity varies sinusoidally, the change of polymer chain concentration is also continuous, and the induced birefringence is non-uniform even over a small region [26] . Here, for simplicity, a theoretical model with two average index values is applied. The refractive index contrast between bright and dark regions under a uniform vertical electric field can be expressed as
where n o,B (E) and n o,D (E) are the induced ordinary indices in bright and dark regions, respectively. Equation (1) can be expanded into Taylor series. As we substitute the series into Eq. (2) and Eq. (3), the index contrast is expressed as
where, λ is the wavelength, Δn iso = n iso,B (E)-n iso,D (E) stands for index mismatch between the PSBPLCs in bright and dark regions at voltage-off state, 
where J 1 is the first-order Bessel function of the first kind, and d is the thickness of the grating. According to Eq. (5), a simulation was carried out, where we set Δn iso = - , and ΔK 4 = -3.15 × 10 −10 μm 7 /V 8 , and the higher order terms were ignored. The simulation result of the diffraction efficiency is also plotted in Fig. 3(a) , and match well with the experimental result.
The diffraction efficiency of the H-PSBPLC grating is mainly determined by the maximum refractive index contrast δn max between bright and dark regions. There are two major factors affecting δn max . The first one is the polymer-concentration gradient between bright and dark regions. Experimental conditions such as exposure time, intensity and temperature, and concentrations of monomers, LC host and photoinitiator have great effects on the monomer diffusion process, resulting in different polymer-concentration gradient [22, 26] . Therefore by optimizing the experimental parameters, a larger δn max and a higher diffraction efficiency could be achieved. The second factor is the intrinstic birefringence of the host LC, which determines the saturation induced birefringence in PSBPLCs [23] . Thus employing large Δn LCs would also contribute to a higher diffraction efficiency.
The operating voltage of the grating is highly dependent on the Kerr constant difference between bright and dark regions, which is ΔK 1 in Eq. (4) [23] . A larger ΔK 1 indicates a lower electric field E for the same δn o (E) [23] , and thus a lower operating voltage. There are two ways to increase ΔK 1 and reduce voltage: 1) increase the polymer-concentration gradient by optimizing the abovementioned experimental parameters; and 2) choose LC materials with large dielectric anisotropy (Δε) to boost both Kerr constants and ΔK 1 [27] .
We further investigated the polarization-dependency of the diffraction efficiency. As Fig.  4 shows, the measured first-order diffraction efficiency as a function of the polarization angle of the incident linearly polarized 633 nm He-Ne laser beam under 0 V, 100 V and 200 V applied voltages at room temperature, respectively. It can be seen that the diffraction efficiency does not change with the polarization angle, verifying that the H-PSBPLC grating is independent of the incident light polarization. Because the host nematic LC has a positive dielectric anisotropy (Δε), the LC director tends to align with the electric field [16] . As a result, the optical axis of PSBPLC induced by the vertical electric field is normal to the substrate. Hence, the diffraction is independent of the polarization of normally incident light. The response times were also measured for the H-PSBPLC grating, as shown in Fig. 5 . The cell was driven by a 1-kHz 200 V square-wave voltage at room temperature. The rise and decay times are defined as 10% to 90% and 90% to 10% of the diffraction intensity change, respectively. As shown in Fig. 5 , the measured rise and decay times for the H-PSBPLC grating are about 300 μs and 400 μs, respectively. Owing to the fast response property of PSBPLC [11] , the response times of the grating we fabricated are in the sub-millisecond range. 
Conclusions
In this paper, we have demonstrated a novel one-step fabrication method for an electrically tunable H-PSBPLC grating. Cured by holographic illumination, the PSBPLC has a periodic polymer concentration distribution. Hence, the induced birefringence varies periodically under a uniform vertical electric field. The diffracted light intensity can be continuously tuned by applied voltage, and the first-order diffraction efficiency reaches 19.7% at 200 V with a cell gap of 20 μm. Good agreement is obtained between simulation and experimental results. The H-PSBPLC grating is polarization-independent, with a small period of ~4 μm and a broad temperature range over 70°C. The response times of the grating are in the submillisecond range with a 300 μs rise time and a 400 μs decay time. The holographic fabrication method of H-PSBPLC device we proposed is simple and low cost, and thus has great potential for advanced applications such as 3-D displays, light modulators and fastresponse optical switches.
